Abstract: The present study was undertaken to investigate microbial influenced corrosion (MIC) on stainless steels due to thermophilic bacteria Desulfotomaculum nigrificans. The objective of the study was to measure the extent of corrosion and correlate it with the growth of the biofilm by monitoring the composition of its extracellular polymeric substances (EPS). The toxic effect of heavy metals on MIC was also observed. For this purpose, stainless steels 304L, 316L and 2205 were subjected to electrochemical polarization and immersion tests in the modified Baar's media, control and inoculated, in anaerobic conditions at room temperature. Scanning electron microscopy (SEM)/ energy dispersive spectroscopy (EDS) were used to identify the chemicals present in/outside the pit. The results show maximum corrosive conditions when bacterial activity is highest, which in turn minimizes the amount of carbohydrate and protein along with the increase in the fraction of uronic acid in carbohydrate in EPS of the biofilm. However, although bacterial activity and corrosion rate decreases, the amount of biofilm components continue to increase. It is also observed that the toxicity of metals ions affect the bacterial activity and EPS production. It was observed that Desulfotomaculum sp. has the ability to biodegrade its own EPS.
Introduction
Carbon steel is widely employed in most industries for its low cost, strength, and ability to fabricate in various shapes and availability. However, their applications are often affected by corrosion which necessitates the use of stainless steels. Apart from chemical corrosion, the steels may also be affected by microbial influenced corrosion (MIC) which is caused by microbial colonization of metal surfaces and formation of biofilms affecting the electrochemical nature of the metal-environment system [1, 2] . * E-mail: ajaycorr@rediffmail.com Most microbial corrosion studies reported in literature are related to sulphate-reducing bacteria (SRBs), especially mesophilic type (Desulfovibrio) [3] [4] [5] due to their prevalence in various industrial media and their reputation as the principal causative organism responsible for localized corrosion on stainless steels causing unexpected failure [6] [7] [8] [9] [10] . However, fewer studies have been done on the corrosion aspects of thermophilic SRB (Desulfotomaculum), although these bacteria have been identified frequently in industrial media having moderately high temperatures e.g. condenser in electric power unit, oil wells etc. where corrosion of the metals has been detected. MIC due to thermophilic bacteria was first demonstrated by TorresSanchez and Magana-Vazquez [11] in a condenser of a geothermal electric power unit, which operated in the temperature range of 40-150°C. They exposed 304L stainless steel tubes for several months to the condenser environment. The tubes developed pitting where Desulfotomaculum nigrificans (DN) and Desulfotomaculum acetoxidans colonies were observed. Almeida et al. [12] observed corrosion on carbon steel coupons covered by biofilm, after exposure for several weeks at the outlet of a heat exchanger. The biofilm was analyzed to have predominantly thermophilic species of SRB's in planktonic and sessile phases. In another study, mild steel was exposed to four different cultures of SRB including DN. Green rust 2 (GR2), ferrous sulfides, γ-FeOOH and super paramagnetic α-FeOOH in different proportions were identified as corrosion products using Mössbauer spectroscopy. The formation of GR2 seems to be the first step for the SRB induced corrosion [13] . Anaerobic corrosion tests were carried out, at 40°C and 50°C, on 316 stainless steel and carbon steel in the two strains of SRB obtained from the condensate fluid of a geothermal electric power station. The microbial activity was observed to influence the overall corrosion process, whereas, pitting and localized attack was found [14] . Effect of iron concentration on corrosion behavior was studied by Çetin et al. [15] on low alloy steel in the presence of Desulfotomaculum isolated from an oil production well. Çetin and Donmez [16] , studied corrosion behavior of low alloy steel, in the presence of anaerobic sulfate-reducing Desulfotomaculum sp. isolated from an oil production well. They found the corrosion activity depends upon bacterial metabolites, ferrous sulfide, hydrogen sulfide, iron phosphide, and cathodic depolarization effects. They also studied the influence of two biocides (formaldehyde and glutaraldehyde) on corrosion behavior. The same group [17] also studied the effect of D. nigrificans with electrochemical impedance spectroscopy and scanning electron microscopy (SEM). The incubation of the SRB in culture medium accelerates the cathodic depolarization process of low-alloy steel, but slows down the anodic process. It was observed that the biofilm formation initiates after lapse of a certain incubation period and that the corrosion products (iron sulfides) start affecting the biofilm after a certain incubation period. Anandkumar et al. [18] ; Anandkumar and Rajeshkar, [19] , investigated the role of Desulfotomaculum geothermicum and Desulfotomaculum kuznetsovii in mild steel corrosion. The presence of bacteria enhances corrosion by accelerating cathodic reaction and suppressing anodic reaction. Pitting was also observed, probably due to cathodic depolarization. The study implicates the importance of D. geothermicum in the corrosion of cooling towers of the petroleum refinery. In another study, corrosion was found to be enhanced under biotic conditions in steel containers meant for nuclear waste disposal in a repository, thereby indicating the possibility of SRB growth (including Desulfotomaculum) and faster corrosion under the disposal condition, if water is available [20] . The studies performed until now are mostly on carbon steel and low alloy steel and relate to (i) MIC under in-plant test conditions, (ii) characterization of corrosion products, (iii) effect of biocides on MIC, and (iv) influence of change in anodic and cathodic tafel slopes on corrosion reactions. Work done previously on other ferrous metal-microbe systems have shown that MIC is expected to depend upon the nature of the biofilm since the extracellular polymeric substances (EPS) formed by the bacteria favor attachment of cells to ferrous materials [1, [21] [22] [23] so that the existing macromolecules e.g. carbohydrates and proteins in the biofilm may influence considerably the electrochemical reactions at the metal-biofilm interface [1] . Therefore, to study the dependence of MIC on the nature of the biofilm, stainless steels in the presence of Desulfotomaculum nigrificans, were subjected to immersion test, electrochemical polarization test, and SEM/energy dispersive spectroscopy (EDS). It was observed that most corrosive conditions prevail when bacterial activity is highest, together with minimum amount of carbohydrate and protein, and increased fraction of uronic acid in carbohydrates of EPS in the biofilm. The toxicity of metals ions was observed to affect the bacterial activity and EPS production whereas Desulfotomaculum sp. showed the ability to biodegrade its own EPS.
Experimental Details
Samples of austenitic 304L, 316L and duplex stainless steel 2205 (Table 1) were tested in the present study. The coupons of these samples (size 5 × 2 × 0 25 cm) were polished progressively from coarse to fine (up to 1000 grit) emery paper and then subjected to 4/0 (equivalent to 2000 grit) ('3M' and 'Premier' make) for final finish. The polished coupons were ultrasonically degreased in acetone and sterilized by exposing to 70% ethanol for 4 hours [24] followed by drying under ultraviolet light in a stream of warm air [25] . Immediately after sterilization, the coupons were submerged in cultures of bacteria. For electrochemical studies, coupons of 1 cm 2 were embedded in a mould of epoxy resin with their electrical connection established via a copper wire. The test material was polished, degreased and sterilized as above. All the chemicals used were 'Merck' and 'Fisher scientific' make of analytical reagent grade. The anaerobic SRB species, Desulfotomaculum nigrificans (DSM) were obtained from NCIM in India. The solution used for cultivating this species and the test solution was nutrient rich modified Baar's medium [26] . The pH of the medium was adjusted to 7.5 and anaerobic conditions were maintained using nitrogen gas. The SRB's were cultivated at 55°C. The bacterial concentration was estimated by most probable number (MPN) method [27] . For this purpose, biofilm was removed from the surface of exposed steel coupon by swabbing with sterile cotton. The swab was suspended in 10 ml modified Baar's medium followed by homogenization before undertaking the MPN procedure. The stainless steel coupons were immersed up to 144 hours to characterize the biofilm and to study the life cycle of microbes and pH of media with the aim of correlating with the corrosion rate of the tested stainless steels. The biofilm formed on the coupons exposed for 72 hrs was analyzed for SRB's. For this purpose, the biofilm was immersed for 1 hr in a 2% glutaraldehyde solution, to fix the biofilm, and then was dehydrated using four ethanol solutions (15 minutes each): 25, 50, 75 and 100%, successively [28] . The treated biofilm was rinsed in sterile distilled water, dried and subjected to examination under SEM (Quanta 200 FCG, Netherland). For estimating the amount of EPS, the biofilm was removed from the surface of exposed coupon by a sterile cotton swab and was suspended in 10 ml distilled water for isolation [27] . This isolated EPS was analyzed for carbohydrate, protein (29) , uronic acid (30) and lipid (31, 32) . For estimating the first three, the spectropohotometer was calibrated using standard solution of glucose for carbohydrates, bovine serum albumin for proteins and D-glucuronic acid for uronic acid. Absorption of 620 nm was measured for estimating carbohydrate, 660 nm for protein and 520 nm for uronic acid. Lipid extraction was done by Bligh and Dyer method [31] . Lipid quantification was done according to Rouser et al. [32] . Standard solution of KH 2 PO 4 was used for lipids estimation utilizing absorption of 800 nm wavelength. KDO assay was also done to determine cells lyses. Immersion tests were conducted from 7 to 90 days in control and inoculated media. Since bacterial concentration reaches maximum after about 96 hours ( so as to maintain bacterial and chemical concentration.
Carbohydrate and protein are the major components of biofilm in case of this bacterium so they were estimated after the exposure, as described above. The clean and dried coupons were weighed for estimation of corrosion rate as per standard procedure (ASTM G1-72) [33] . Extent of pitting was estimated by measuring maximum pit depth on the surface of cleaned coupons by using stereo microscope (Olympus) and optical microscope (Leica Q500MC). SEM/EDS analysis was done on corroded coupons for finding the chemical composition outside/inside pits. For estimating corrosion rate and its variation with bacterial growth and EPS, Tafel plots were measured. For this purpose, the steel samples were incubated in Barr's media from 12 to 144 hours before they were subjected to the test under anaerobic conditions. The measurements were done using a Radiometer 'Voltalab' Electrochemical Laboratory Model PGZ301. Saturated calomel electrode (SCE) was used as reference electrode, graphite rods as auxiliary and test specimen as working electrode. Open circuit potential (OCP) and potentiodynamic polarization measurements were also done as a part of electrochemical tests. For these measurements, the steel samples were put in blank and inoculated Baar's medium for 0, 5 and 10 days under anaerobic conditions (represented in result as 0, 5, 10 DIP for days' incubation period) before they were subjected to electrochemical tests.
Results and Discussion

Bacteria and biofilm characterization
On immersing stainless steel coupons in inoculated Baar's media, biofilm was observed after 12 hours. Fig. 1 shows (Table 2) as also found elsewhere [27, 34, 35] . Comparison of Fig. 2 and Table 2 shows maximum bacterial concentration when the carbohydrate and protein concentration in the biofilm formed on all the three types of metals is observed to be the lowest. Comparison of Fig. 3 and Table 2 shows minimum amount of uronic acid at highest bacterial concentration whereas the lipids concentration continues to increase until the exponential phase of bacteria (96 hrs) after which it increases slightly before tapering off. Increase in lipids' concentration may be attributed to bacterial cells lyses. The decrease in the amount of carbohydrate, protein and uronic acid is an indication of the biodegradation of EPS produced by the bacteria, which was corroborated by performing the test in the media without lactate and yeast. In this test, the coupons with biofilm were transferred into inoculated carbon free medium (without lactate and yeast) and the amount of carbohydrate and protein were measured at regular intervals. In pure cultures it has usually been assumed that the bacteria do not degrade their own EPS, but present results showed otherwise. This type of property was shown by other bacteria also [27] . Some research shows that mixed cultures or even pure culture degraded their own EPS material when they were in a starved state [36, 37] . The observance of decrease in the amount of carbohydrate, protein and uronic acid when the bacteria is in the most active stage indicates that nutrients media are not enough and the bacteria is consuming sugar (carbohydrate and uronic acid) and protein by degrading the EPS produced by them. Afterwards, the bacterial concentration starts decreasing while amount of sugar and proteins increase which may be attributed to the death of bacterial cells. Fig. 2 and 3 shows higher amount of proteins than carbohydrate and other components in the EPS produced by SRB on respective stainless steel samples, as observed earlier [3] also. However, EPS harvested from SRBs grown in the presence of glass/plastic substrate shows no or lesser protein than other components [1] . This difference could be attributed to the presence of metal centers (iron) in case of hydrogenase enzyme [39] of SRBs and that iron of these enzymes is being supplied due to the corrosion of the stainless steel coupons. This hypothesis is also supported by the comparison of present results with those of the corrosion experiments done in the presence of SRB sp. Desulfovibrio desulfuricans [40] , which show higher corrosivity and higher amount of protein, in the harvested EPS. The role of protein in influencing the composition of the biofilm and hence the biocorrosion has also been suspected [37] . One also observes that the decrease in the concentration of carbohydrates starts occurring earlier (60 hours after start of the experiment) and its rate is also higher than that of the protein (Fig. 2) . Possible use of EPS as substrate by the bacteria and faster utilization of carbohydrate than protein [37] could be the reason for this observation.
Nature of media and Corrosion
Baar's media after inoculating with SRB shows an increase of pH from 7.23 to 7.7/7.8 in around 4 days. This can be attributed to the metabolic reaction [41] :
which occurs in presence of hydrogenase in SRBs and to reactions
The − s required for reaction (1) are available from (i) the presence of ammonium ferrous sulphate and sodium lactate which act as electron donor and/or (ii) oxidation of Fe to Fe 2+ . Thus the increase in pH can be assigned to the presence and growth of SRB in the media. The evidence of the presence of bacteria is indicated by the observation of corroded stainless steel coupon under SEM (Fig. 1) , the smell of H 2 S in the test cell and bacterial counting in the test media ( Table 2 ). The pH of the media is also observed to increase up to 7.7/7.8 in the electrochemical polarization tests and the weight loss test whereas test in control media shows change of pH up to only 7.4. This can be understood since due to anodic polarization of steel samples, more Fe oxidizes, resulting in availability of larger number of − 's which in turn enhances the rate of the above indicated metabolic reactions. Fig. 2 shows corrosion rate, calculated from tafel plots, increasing up to 96 hours of exposure and then decreasing similar to the change observed for bacterial (planktonic and sessile) activity (Table 2 ). This is, however, the inverse of the trend observed for components of EPS, namely sugar and protein (Fig. 2) . This observation suggests correlation between corrosion of steel and SRB activity, as proposed earlier [42] ; i.e., that the dissolved metal concentration can serve as an indicator of the bioactivity of the SRB. However, the impact of isoelectric potential of the stainless steels on the adhesion of the bacteria on the steel surface and on the metabolism of bacteria should also be considered [43] . A comparison of variation of corrosion rate, carbohydrate and uronic acid content with time (Fig. 4) , in case of all the three stainless steel samples, shows increase in the fraction of uronic acid in carbohydrates as corrosion rate increases with time beyond 60 hours of exposure. This fraction reaches a maximum after the samples have been exposed for 96 hours, when corrosion rate is also highest. This observation may be attributed to higher fraction of the acidic part of the sugar, i.e. uronic acid, which may result in overall decrease in pH of the solution. Work by Çetin et al. 2009 [17] showed decrease in cathodic and increase in anodic tafel slope with incubation time. However, no such dependence could be clearly observed in present work. To further observe the dependence of corrosion on the bacterial presence in media, immersion tests were done. Corrosion rates, calculated from these tests (Fig. 5) , are observed to be higher in case of inoculated media as compared to control, an evidence of enhanced corrosion attack on steels due to SRBs. Pitting attack (Fig. 6 ) is observed to increase in the presence of bacteria and with time. The SEM analysis of metal coupons exposed in sterile medium, exhibited either no or limited localized corrosion (Fig. 7) , whereas those exposed in inoculated medium showed significant pitting (Fig. 8) . During immersion test, concentration of carbohydrates and proteins continued to increase (Fig. 9 ) which can be attributed to frequent addition of nutrients in the media in these tests. Corrosion related parameters, obtained from electrochemical tests are given in Fig. 10, 11 and 12. It is observed that OCP in inoculated Baar's media shift towards more negative magnitudes as compared to the respective values in control media. The OCP drop can be attributed to the presence of sulfide in the inoculated media due to the production of H 2 S by SRB activity. One observes similar change in OCP with increase of incubation period in inoculated media (Fig. 10) , which may be assigned to increased concentration of sulfides with time. Sulfide solutions are known to be of reducing types hence they lower the OCP values. Anodic polarization curves (Fig. 13) show decrease in passivation range and pitting potential ( Fig. 11 and 12 ) and increase in current density in case of stainless steel samples exposed to inoculated vis-à-vis the control media. In case of measurements in inoculated media, all the three parameters showed similar variations with increase in incubation time (Fig. 13) . The observance of a higher degree of corrosion attack as evidenced from increased corrosion rates, and deeper pits in immersion test and decreased values of pitting potential and passivation range along with increased corrosion rates in electrochemical tests in inoculated media as compared to control, can be understood from the effect of the presence of bacteria on the passivity of stainless steel. The passivity of stainless steel, in abiotic media, is attributed to the presence of oxide and hydroxides of Cr on its surface. In the presence of SRBs, biofilm forms on the metal surface [44] which affects the passive film through bacterially produced sulfides (Eq. 1) which results in formation of chromium sulfides and iron/nickel sulfides due to presence of Fe, Ni Corr.rate Carb.conc. Prot. conc. Figure 9 . Relation between corrosion rate and EPS components in case of stainless steel 304L exposed to inoculated Baar's media in immersion tests (with replenishment of media). Fig. 9 Relation between corrosion rate and EPS components in case of stainless steel 304L exposed to inoculated Baar's media in immersion tests (with replenishment of media) and Cr in stainless steel (Table 1) . These sulfides are better electron conductors, structurally more permeable and unstable; hence they make the passive film much less effective in protecting against corrosion attack. This results in enhanced corrosion rate and higher pitting attack in cases where sulfide formation takes place in a localized area [45] . Thus pits observed on the corroded specimens can be analyzed as due to SRB induced corrosion. This is supported by the observation of higher amount of C, S and P inside pit as compared to their respective amount outside the pit from the results of SEM/EDS ( Fig. 8 and  14 ). Higher amount of C inside pits can be assigned to the amount of EPS which form as a result of metabolic activities of bacteria while enhanced bacterial activity of SRB's inside pits leads to conversion of sulfates to sulfide ions with higher rate. Iron phosphide is formed by the reaction of iron with phosphorus compound. When a protective FeS layer does not form or break down, the phosphorus compound, formed by reaction of hydrogen sulfide with inorganic phosphorus compounds in the environment, acts on the steel surface and causes corrosion of iron [16] . The presence of higher phosphate concentration in EDS spectra indicates the role of phosphorus compounds in addition to sulfides on corrosion reactions. FeS decreases hydrogen over potential and cause cathodic depolarization [46, 47] . This sulfide, in turn, reacts with iron (main constituent of steel) to form iron sulfide. When one puts the OCP values ( Fig. 10) and pH of the inoculated test solutions (∼7.5) in E-pH diagram of Fe-S-H 2 O system [48] this sulfide appears to be mackinawite (FeS 0 943 ). Mackinawite is known to be black in appearance, dissolves easily and is unprotective type. Also, mackinawite deposits are hypothesized to act as large surface area [49] and can act as a cathode in the galvanic couple with steel thus enhancing corrosion [39] . Inoculated test solutions in the present study are also observed to be dark in color after the end of the test indicating the formation of mackinawite and their dissolution. Accordingly, iron inside pits corrode with higher rate in the absence of any protective type of corrosion products leading to deeper pits.
Higher concentration of heavy metals (Ni, Cr and Mo) slows down the growth of bacteria and production of EPS [21, 42] . Accordingly, present results show maximum concentration of sessile bacteria and of EPS components in case of 304L (minimum amount of Cr, Ni and Mo) and minimum in case of 2205 (maximum amount of Ni, Cr and Mo) ( Table 1 and Fig. 2 and 3) . Results of immersion test show extent of corrosion rate and pit depth to be maximum in case of stainless steel 304L followed by 316L and 2205 ( Fig. 5 and 6 ). Electrochemical test shows pitting potential and passivation range; in general, to be highest in the case of duplex stainless steel 2205 followed by austenitic stainless steels 316L and 304L (Fig. 11, 12 and 15) . Thus both the tests predict maximum corrosion resistance of 2205 whereas least resistance of 304L in the studied media. The relative resistance of the studied stainless steels against corrosion may be correlated with their composition through determination of pitting resistance equivalent number (PREN) as given below [50] : PREN = %Cr + 3 3 × %Mo + 16 × %N Accordingly, the PREN of 2205 is maximum (34.8) , that of 316L is 25.2 and 304L is minimum (19.9).
Conclusion
The paper reports the results obtained from the electrochemical polarization and immersion tests, SEM/EDS analyses conducted on stainless steels 304L, 316L, and 2205 in Baar's media inoculated with Desulfotomaculum sp. Corrosivity of the solution is observed to increase with (i) increasing the activity of bacteria and (ii) the incubation time. Maximum corrosive conditions are observed to prevail when bacterial activity is highest and EPS of the biofilm consists of minimum amounts of carbohydrate and protein along with the increased fraction of uronic acid in carbohydrate. It is also observed that Desulfotomaculum sp. had the ability to biodegrade its own EPS. Metal ions, present in the corrosive media because of corrosion of stainless steel, show toxicity as they affect the bacterial activity and EPS production. Stainless steel 2205 shows maximum resistance against MIC followed by stainless steels 316L and 304L.
